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ABSTRACT

The Advanced Space Propulsion Laboratory (ASPL) of NASA’s Johnson Space Center is
performing research on a Variable Specific Impulse MagnetoPlasma Rocket (VASIMR), a high
power, radio frequency (RF) driven magnetoplasma rocket. The experimental research focuses
on three maor areas. helicon plasma production, ion cyclotron resonant frequency (ICRF)
acceleration and plasma expansion in a magnetic nozzle, with this paper presenting recent
experimental results regarding the first two. A flexible four-magnet system, with a 1.3 Teda
maximum magnetic field strength, is used to study axial magnetic field profile shape effects. Up
to 3 kW of 25 MHz power is used for helicon plasma source development, primarily in helium for
this work. A 3 MHz RF transmitter is used at powers up to 6 kW for ICRF experiments.

Optimization studies have been performed with the magnetic field axia profile shape, gas flow
rate, and antenna geometry. Gas efficiencies of near 100% are achieved with strategic gas
baffling. Power efficiency scales favorably with plasma diameter in the 5 to 7 cm range. We
measure supersonic flow velocities (> ion sound speed) in the exhaust section. A strong coupling
between the neutral gas pressure and the plasma discharge is observed in the source. Axid

profiles of heating on the helicon gas tube wall are peaked under the antenna and correlate with
light emission profiles. Initial ICRF experiments have been performed, using a helium helicon
discharge asatarget. Up to 6 kW of power has been applied using a ssmple unoptimized antenna
array at both the fundamental and second harmonic of the cyclotron resonance. Results with the
fundamental resonance are presented. Future plans for ICRF experiments are discussed.

INTRODUCTION

Most electric propulsion concepts rely on electrostatic fields to accel erate plasmaions to produce
thrust. These concepts require electrodes and materials that are in contact with the plasma so are
subject to erosion, which limits the thruster’s lifetime. The electrostatic field configuration may
aso limit the achievable ion velocity, especially when combined with high ion flux density.

These challenges become increasingly difficult when a deep space mission requires high power
(>100 kW), high ion velocity (>60 km/s) and very long lifetimes (> 4 years). One solution to
these problems is to drive a thruster with radio frequency (RF) power, thus eliminating the need
for electrodes and thus enabling dense energetic plasmas flows. Furthermore, the thruster could
use a magnetic field to control the flow of the plasma and prevent it from eroding any
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FIGURE 1 Recent photograph of the VX -10 |aboratory system.

surrounding materials. The Variable Specific Impulse Magnetoplasma Rocket (VASIMR)

concepts incorporates these features.

The VASIMR is a high power, radio frequency (RF) driven magnetoplasma rocket, capable of
very high exhaust velocities, > 100 km/s. The Advanced Space Propulsion Laboratory (ASPL) of
NASA’s Johnson Space Center leads a research team involving industry, academia and
government facilities that is pursuing the development of this concept in the United States. The
ASPL’s experimental research focuses on three magjor areas: helicon®®  plasma production, ion
cyclotron resonant frequency (ICRF) acceleration and plasma expansion in a magnetic nozzle.
The present VASIMR experiment (V X-10) performs experimental research that demonstrates the
thruster concept at atotal RF power on the order of 10 kW.* This paper describes the experiment

and recent results.
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FIGURE 2 VX-10 schematic for two helicon
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FIGURE 3 Axia magnetic field profiles with three
helicon configurations: a (ICRF), b (Shifted) and
c (Boswell).
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THE VX-10 EXPERIMENT

Figure 1 contains a photograph of the laboratory system. The configuration schematic for the
experimental data presented here is shown in Figure 2.

The Device

The magnetic system consists of 4 liquid nitrogen cooled electromagnets integrated into a
stainless steel vacuum chamber. The magnet coils are designated M1, M2, M3, and M4 starting
at the most upstream end. The magnet spacing and independent electrical DC current regulation
tallor the axia magnetic field profile.  Typicaly the magnetic field profile provides a low
magnetic field strength (< 0.2 ted@) for the helicon plasma source and a high magnetic mirror (up
to 1.3 teda) downstream from the helicon source. Figure 3 shows typica magnetic field profiles.

Neutral gas flow is regulated (10 — 500 sccm) through a port on axis that opens into a quartz tube
that is sealed against the inside of the device's end flange cover. The gas flows through the
quartz tube, passing through the helicon antenna, into the main vacuum chamber. Recently agas
choke has been installed near the end of the quartz tube at the maximum of the applied magnetic
field to reduce the gas flow rate required for optimum discharge conditions. The quartz tube ends
before the ICRF antenna. The main vacuum chamber opensinto a4 nt chamber that is pumped
with two diffusion pumps and one cryopump. The total pumping rate for hydrogen is about 6000
liters/second.  The chamber background pressure is kept in the low 10 torr range during a
plasma pulse, < 3 second as shown in Figure 4. The addition of the gas choke has reduced this
background pressure by more than a factor of two.

Radio frequency (RF) power for the helicon is available at 25 MHz with 3 kW of power. The
helicon antenna is water-cooled and resides inside the vacuum chamber. We present data taken
using a haf-turn helical antennathat is 0.15 m
in length, which was the plasma source for
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Figure 4 Temporal behavior of a helicon plasma characterizing the flow out of the exhaust.
discharge, without the gas choke. Together the two probes measure electron
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temperature and density profiles with a Mach number. This provides the total plasma flux (ion
rate) and flow velocity. Both probes are located just downstream of the last magnet coil. The
Langmuir probe has four cylindrical tips that are biased as a triple probe, with an extra tip for
measuring floating potential. The Mach probe® has two tungsten cylindrical tips biased in ion
saturation, one upstream and one downstream of a boron nitride separator. The Mach number is
calculated as the average of two models®® with an estimated accuracy of +30%.

A microwave density interferometer has been recently installed and provides an electron density
calibration for the probe profiles. Also, an dectrically floating plate can be put in the plasma
exhaust for measuring force and heat flux.’

We present data from the probe diagnostics that are profile-averaged quantities as defined by,
1
Xy =——"—- [ xl_.rdr
f I rdr f .
)

where I, is ion saturation current measured on the probe. This weights the averaged quantity to

a maority of the ion flux. An important quantity is the total plasma flux or ion rate (T, )
flowing out of the source. We calculate this using the formula,
L asma = 2pfneMCSrdr. 2

The plasma Mach number is represented byM and Cc = [T /m; is the ion sound speed. The

electron density and temperature are n. and T, respectively, and m; isthe ion mass. We note
that the product nCs is relatively insensitive to the electron temperature, so errorsin T, do not
have a significant impact on the T ...

measurement. Recent calibration against the
density interferometer shows that the probes
under estimate the density by a factor of 1.4,
so we correct the probe measured density, and
consequently the flux, by this factor.

The experiment’s primary ion diagnostics are
Retarding Potential Analyzers (RPA). We
have two designs installed that show good
agreement. One RPA is mounted on a long
shaft that allows it to scan axial locations from
the ICRF antennas to a meter downstream.®
_The RPAs use four b_|ased gl’l(_js to anayzethe  Figures Collimator for retarding potential analyzer.
ion energy. The axia scanning RPA has a  Individual tubesare 2 cm in length, 0.086 cm in
collimator feature, shown in Figure 5, that  diameter, stainless steel.

enables sensitive measurements of ion pitch
angle distribution effects. With this feature,

only ions with a pitch angle of less than ion
approximately 0.6 degrees are detected. NL| emBation
Figure 6 illustrates the effect of increases in O A g9

parallel and perpendicular energy on the ion
current that passes through the collimator.
The horizontal arrow indicates an increase in v

ion parald velocity due to acceleration from ¥

an increase in plasma potential. The Figure6 Simplifiedion velocity superimposed ona
consequent reduction in pitCh ang| e bri ngs the contour plot of the collimator’ s transmission function.
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distribution into a region of higher collimator transmission, and the ion current increases. The
vertical arrow indicates an increase in perpendicular velocity accompanying the increase in
paralel velocity. This perpendicular heating raises the pitch angle of the ions and moves the
distribution into a region of lower collimator transmission, causing the ion current to drop.

We measure visible light emission axia profiles from the plasma using optics on a dliding seal
that couples light out through an optical fiber to a photo diode. The optics views the discharge
perpendicular to the axis and can trandate the entire length of the helicon section. The
temperature increase on the quartz tube during a plasma pulse is measured using thermocouples
attached at 10 locations aong the tube, thus determining a power density (W/m) profile. The
guartz tube absorbs UV and resonance radiation from neutral atoms leading to the temperature
rise combined with that attributed to particle flux to the quartz.

Neutra pressures in the system are measured with a magnetically shielded ion gauge mounted in
the exhaust region and a baratron mounted to flange open to the upstream end of the quartz tube,
as shown in Figure 2. A pitot tube with its opening near the quartz tube inside wall on a dliding
seal, not shown, measures the neutral pressure axia profile.

HELICON PLASMA SOURCE

The helicon experiments primarily focus on developing a plasma source to produce a dense target
for ICRF experiments. We used helium gas initialy, for safety reasons, and have expanded to
hydrogen, deuterium, nitrogen, argon, xenon. As others have observed,®***" generally we find
that the helicon source is most efficient at plasma production when the RF frequency (wy. ) is
near the lower hybrid frequency (w, ,, ), for conditions under the antenna, as defined by he

following equation,”

1/WE = 1wee W +1/ w2, +w2 Q)
where weand w,; are the electron and ion cyclotron frequencies, and w; is the ion plasma
frequency.

Experiment configurations are explored by optimizing the gas efficiency, hg,, = T jasma /T gas »

pi

where T'y,s is the input gas flow rate. The following sections describe results from these

optimized discharges and parameter scans near the optimum. The effects and benefits of having a
high magnetic field downstream of the helicon source have been reported elsewhere® Most of
the data presented are from helium discharges, unless otherwise noted. Deuterium discharges
demonstrate very similar characteristics.

Developing a mor e compact helicon design

Much of our earlier work was with a relatively flat magnetic field profile in the helicon section
with the antenna located at the upstream end of the device, under M1. We found, however, that
magnetic profile shaping in the helicon section, operating M1 and M2 independently, could
improve plasma production performance.”® This led to an optimal conf iguration as in Figure 3a.
With this magnetic profile, the discharge runs best with w,_ ~ w ,, under the antenna. Typical

output profiles, density and Mach number, for this configuration are presented in Figure 7.

More recently, by flipping the helicon power feed vacuum section top to bottom, we explored
shifting the antenna closer to the magnetic mirror. Provided that the quartz tube is long enough
downstream of the antenna, we find similar performance with this antenna location as the profiles
show in Figure 7. Figure 3o shows the optimized magnetic configuration. In this configuration,
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Figure 7 Electron density and Mach number profiles Figure 8 Profiles comparing the 5.5 cm to the 7 cm
for three geometries corresponding to Figure 3. diameter helicon with the same input power.

the best performance with helium was withw,. < w,,, under the antenna, where w,. = w,,, for
deuterium.

Quite recently we converted to a double saddle (Boswell) antenna structure and applied a cusped
field configuration upstream of the antenna. Figure 3c shows the optimized magnetic
configuration, where w,. = w,,, under the antenna.  The profiles, shown in Figure 7, are very

similar to those measured with the previous antenna configurations. Most strikingly, however,
we find the optimum gas efficiency with a much lower gas flow rate, by amost a factor of two,
100 sccm verses 200 sccm previoudly.

We have enlarged the diameter of the Boswell helicon configuration from a 5.5 cm to 7 cm
diameter. Figure 8 shows that the profiles broaden and became more flat for the same input
power (3 kW) and adoubled input rate. Even though the peak density decreased, the total plasma
flux increased by about a factor of 2, approximately proportiona to the increased gas input. This
indicates a favorable power efficiency scaling with plasma size. The following section
characterizes this larger 7 cm diameter discharge ty presenting further measurements. The
addition of the gas choke has reduced the optimum input gas flow rate by another factor of two.

Dischar ge char acteristics

The magnetic field line that maps back to the quartz tube in the helicon source corresponds well
with the plasma edge, indicating little radial transport between the source and exhaust. The
electron temperature is nearly constant across the profile, about 6 eV. Visudly, thereisawaysa
bright core in the discharge.

Figure 4 contains graphs showing temporal behavior during a plasma discharge, without the gas
choke. The applied magnetic field is static and a gas pulse is initiated at t = 400 ms. When the
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Figure9 Plasmaflux measured during a scan of the
magnetic field under the helicon antenna.

gas flow is established, the RF power is

applied. The Mach probeisfixed at two radial 14

locations, center and 2 cm. The ion saturation A\

current on the probe quickly reaches 12

equilibrium, but increases dightly through the \

discharge. Most interesting is the drop in the 10 &

Mach number in the first second of the N L /\

discharge. This is consistent with the plasma |v°’s —

exhaust dowing down, due to charge

exchange on the increasng background 6 -y

neutral pressure. This effect has aso been

observed by the RPA.° Subsequent Mach y— P
probe profiles are acquired in the first 0.5 He flow [isec] x10°

second of the discharge. Temporal behavior  Figure 1l Profile averaged electron temperature
of the neutral pressures are discussed in the during a scan of the input gas flow, 3 kW RF power.
next section.

We scanned the magnetic field at the helicon antenna to verify the optimum magnetic field
strength there. Figure 9 contains the plasma flux measured for that scan. Clearly the maximum
plasma flux measured downstream iswith w,_. = w,,, at the helicon antenna.

The ion flux accounts for a large fraction of the incoming gas flow. We plot in Figure 10 the
plasma flux measured while scanning the input gas flow for 1, 2, 2.5 and 3kW power levels. We

find a broad range of gasflow, I'y,, =2—4 x 10" sec™!, where hy,s ~ 1. Figure 11 shows (T,)

for the flow scan with input power of 3 kW. We see that the temperature rises substantially at the
lower flow rate, which is further evidence for a high degree of ionization. The RPA configured
as an electron diagnostic also confirmstherisein T, .

Neutral Dynamics

We have observed a strong coupling between the plasma discharge and neutral pressure measured
inside the quartz tube. Figure 8 includes the tempora behavior of the neutral pressure during a
pulsed discharge. When the discharge forms, the pressure rises by almost a factor of four,

indicating the importance of charge exchange collisionsin establishing the neutral flow. We also
observe that this neutral pressure correlates with the plasma flux measurements downstream. ™
The chamber pressure shows a drop with plasma in the exhaust region. This reflects that a
significant flux of plasma, comparable to the neutral flux, is flowing though this region.
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There is a strong modification in the neutral

pressure axial profile with a discharge present, 120 y ; il e ——
as Figure 12 shows. With no plasma the e Doy |
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as expected. A steep gradient in pressure is & [ Jant.
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is likely balanced by the plasma discharge % 60

forming there as indicated by the light x
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helicon discharge are shown in Figures 13 and  rigyre 12 Axial profile measurement of the neutral
14 for both helium and deuterium. Light pressureinside of the quartz tube. Light emission
emission and heating are both maximum near  plotted for reference.

the helicon antenna.  The light emission e
profiles for helium and deuterium are rr 0
strikingly similar. The emission drops rapidly o
upstream of the antenna at an axial location
corresponding to the magnetic cusp. Note that
the heating in the helium case is much more
localized, which may be attributed to the
higher excitation potential of He as compared
to D. Surprisingly, the integrated values of the
heating profiles are amost the same for the ,
two gases. The input power (3 kW) is the 1 . f
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Experiments have been performed at the
ASPL in which 3 kW of power at 3 MHz was

applied to the simple ICRF antenna array. The L “’/ . e
ion cyclotron resonance was placed just il 1 T
downstream of the antenna array. The  rigyre14 Axial profile of heating of the quartz tube
magnetic field profile used was like that in  for both helium and deuterium discharges.

Figure 3a, except the peak magnetic field was

doubled. Due to the large magnetic field ratio from the helicon to the ICRF section, the plasma
size a the ICRF antenna was small, which gave rise to weak coupling between the antenna and
plasma. Therefore, in this initia configuration, we did not expect large effects on the plasma
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Figure 15 Right-hand polarized power applied to the Figure 16 Left-hand polarized power applied to the
| CRF antenna causes the collimated RPA current to | CRF antenna causes the collimated RPA current to
increase. decrease.

discharge with the application of ICRF power. Nevertheless, the collimated RPA shows
tantalizing data.

RPA data with the collimator were taken with and without the application of ICRF power.
Additionally, we tested the effect of reversing the RF phasing on the antenna array. Figure 15
illustrates the effect on the RPA characteristic with the antenna phased in the right-hand (RH)
sense or m = +1. We expect stronger coupling to the eectrons in this polarization, with little
power coupled directly to ions. The ion current and energy both rise in the RPA, which is
consistent with an increase in plasma potential that leads to higher collimator transmission. The
probes do not show alarge plasma density rise.

In contrast, when the array is polarized in the left-hand (LH) sense or m = -1, we expect some
direct coupling of the power to the perpendicular energy of theions. Thisis exhibited in Figure
16 by an ion current drop in the RPA. The ion energy also rises, but thisis likely mostly due to
plasma potential modification by the high RF fields.

Recent experiments have also been carried out with the second ion cyclotron harmonic,

Wee = 2w, . Reslts from these experiments have been reported in another paper.*

FUTURE

We are in the process of enlarging the helicon source diameter to 9 cm with a gas choke
incorporated. An RF drive frequency of 50 MHz will soon be explored, which we expect will
double the optimal magnetic field for the helicon and increase the plasma size at the ICRF
antenna location. Additionally, we are doubling the power available for the helicon source. The
upgraded plasma target will increase the plasma loading for the ICRF and make application of
larger amounts of power possible. With this upgrade, we will return to ICRF experiments early
thisyear. Extensive ICRF antenna design work has begun.

CONCLUSION

We have described the VASIMR experiment (VX-10) that is being performed at the Advanced
Space Propulsion Laboratory (ASPL) of NASA’s Johnson Space Center. Recent work with the
helicon plasma source has produced a potentially more compact and efficient design. This design
has achieved near 100% gas utilization. Key features of the latest design is a double saddle
(Boswell) antenna, a magnetic cusp applied upstream of the antenna and a gas choke downstream
at the magnetic maximum. Most recently we have enlarged the diameter of the helicon source
with positive effects that indicate favorable scaling with size. There is a strong coupling between
the plasma and neutrals in the source. Axial measurements of neutral pressure, visible light
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emission, and quartz tube heating in the helicon indicate localized plasma production near or
under the helicon antenna.

lon Cyclotron Resonance Frequency (ICRF) experiments have shown tantalizing effects with the
resonance located just downstream of the antenna array. A highly collimated Retarding Potential
Analyzer (RPA) shows evidence of perpendicular heating of ions as predicted. Upgrades that are
in progress with the helicon plasma source will significantly increase the measurable effects with
ICRF. We expect more substantial resultsin the very near future.

NOMENCLATURE

Cs ion sound speed hes  gasefficiency
It probe ion saturation current Wy lower hybrid frequency
M plasma Mach number Wee electron cyclotron frequency
m, ion mass Wi ion cyclotron frequency
Ne €lectron density W, ion plasma frequency
Te electron temperature We.  radiofrequency drive frequency
[ pjasma total plasmaflux
[ gas input gas number rate
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